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Fig. 6
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Fig. 7
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METHODS OF MAKING ENCAPSULATED
HEART VALVES

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/256,747, filed Apr. 18, 2014, now U.S. Pat.
No. 10,045,846, which 1s a divisional of U.S. patent appli-

cation Ser. No. 13/475,210, filed May 18, 2012, now U.S.
Pat. No. 8,945,209, which claims the benefit of U.S. Patent

Application No. 61/488,599, filed May 20, 2011, the entire
disclosures all of which are incorporated herein.

FIELD

The present disclosure relates to implantable prosthetic
devices, and more particularly, to valve prosthetics for
implantation into body ducts, such as native heart valve
annuluses.

BACKGROUND

The human heart can sufler from various valvular dis-
cases. These wvalvular diseases can result in significant
malfunctioning of the heart and ultimately require replace-
ment of the native valve with an artificial valve. There are a
number of known artificial valves and a number of known
methods of implanting these artificial valves in humans.

Artificial or prosthetic heart valves can be classified
according to the manner in which they are implanted in the
body. Implantation of surgical valves requires an open-chest
surgery during which the heart 1s stopped and the patient 1s
placed on cardiopulmonary bypass. Transcatheter heart
valves can be delivered and deployed 1n the body by way of
catheterization without opening the chest of the patient or
employing cardiopulmonary bypass. Minimally-invasive
heart valves generally refer to valves that can be introduced
into the body through a relatively small surgical incision yet
still require the patient to be placed on cardiopulmonary
bypass.

The various types of heart valves described above typi-
cally include a relatively ngid frame and a valvular struc-
ture, usually 1n the form of flexible valve leatlets, secured to
the frame. The process for assembling a prosthetic valve 1s
extremely labor intensive. For example, FIG. 1 1llustrates a
known transcatheter heart valve 10 that includes a stent, or
frame, 12, a valvular structure 14 comprising three leatlets
16, and a fabric skirt 18 interposed between the frame 12 and
the valvular structure 14. To assemble the valve, the skirt 18
1s manually sutured to the bars of the frame using sutures 20,
and then the valvular structure 1s sutured to the skirt and the
frame. The skirt assists 1n anchoring the valvular structure to
the frame and sealing the valve relative to the native annulus
so as to prevent paravalvular leakage once implanted. As can
be appreciated, the process for assembling the valve i1s time
consuming and requires significant manual labor. Thus, 1t
would be desirable to minimize the amount manual labor
required to assemble a prosthetic valve.

SUMMARY

The present disclosure concerns embodiments of 1implant-
able prosthetic devices, and 1n particular, implantable pros-
thetic valves, and methods for making such devices. In one
aspect, a prosthetic device includes encapsulating layers that
extend over a fabric layer and secure the fabric layer to
another component of the device. In particular embodi-
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ments, the prosthetic device comprises a prosthetic heart
valve, and can be configured to be implanted 1n any of the
native heart valves. In addition, the prosthetic heart valve
can be, for example, a transcatheter heart valve, a surgical
heart valve, or a minimally-1nvasive heart valve. The encap-
sulating layers desirably are formed from ePTFE or UHM-
WPE.

The encapsulating layers can be used to secure the fabric
layer to another component of the prosthetic device without
using any sutures, or substantially minimizing the number of
sutures needed to secure the fabric layer 1n place adjacent the
other component of the prosthetic device. In one example,
inner and outer encapsulating layers can be used to secure a
fabric skirt to the annular frame of a transcatheter heart
valve, thereby replacing the need to manually sew the skirt
to the frame, as currently done 1n the art.

This technique can also be used to secure fabric or cloth
layers to various components ol a surgical or minimally-
invasive heart valve. For example, one or more of the sewing
ring, wireform and stent assembly of a surgical or mini-
mally-invasive heart valve typically can be covered by a
cloth cover. In some valves, a single cloth cover 1s used to
cover one or more of these components. The conventional
method for assembling a cloth cover around one or more
components of a surgical or mimmally-invasive heart valve
involves manually sewing the longitudinal edges of the cloth
cover to each other to form a covering around the valve
component. The disclosed technique can be used to secure a
cloth covering around one or more components of a surgical
or mimmally-1nvasive heart valve 1n order to eliminate most
or all of the manual sewing that usually 1s required.

In other embodiments, encapsulating layers, such as one
or more layers of ePTFE or UHMWPE, can be applied to the
frame of a prosthetic valve without a separate fabric layer.
For example, in the case of a prosthetic valve having an
expandable frame, one or more layers of ePTFE or UHM-
WPE can be applied to the frame (usually to the inside and
outside of the frame) without a separate fabric layer to
tacilitate tissue in-growth and to help seal the valve against
surrounding tissue.

In one representative embodiment, an implantable pros-
thetic valve comprises a valve component, a fabric layer
disposed adjacent the valve component, and a non-absorb-
able encapsulating material at least partially encapsulating
the fabric layer and the valve component so as to secure the
fabric layer to the valve component. The encapsulating
material has a porous microstructure that promotes ingrowth
of surrounding tissue to assist 1n securing the prosthetic
valve 1n a body lumen.

In another representative embodiment, an implantable
prosthetic valve comprises a radially collapsible and
expandable annular frame. The frame has an inlet end and
outlet end, and a plurality of frame members defining a
plurality of gaps between the frame members. The valve
turther comprises an annular fabric skirt positioned adjacent
the frame and configured to prevent blood from flowing
through gaps in the frame that are covered by the skirt. An
inner tubular layer 1s positioned on the inside of the frame
and the skirt, and an outer tubular layer 1s positioned on the
outside of the frame and the skirt. The inner and outer layers
are bonded to each other at selected areas so as to form a
covering that at least partially encapsulates the frame and
skirt. In addition, one or more flexible valve leatlets can be
sutured to the frame and the skart.

In another representative embodiment, a method for mak-
ing an implantable prosthetic device, comprises placing a
first tubular covering member on a support; placing a
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subassembly of the prosthetic device over the first covering
member, the subassembly comprising an annular component
and a fabric layer at least partially covering the annular
component; placing a second tubular covering member over
the subassembly; applying pressure to force the second
covering member and the first covering member into contact
with other; and heating the first and second covering mem-
ber to form a monolithic covering that at least partially
encapsulates the subassembly and thereby secures the fabric
layer to the annular component.

The foregoing and other features and advantages of the
invention will become more apparent from the following
detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view ol a prior art prosthetic
transcatheter heart valve.

FIG. 2 1s a perspective view of prosthetic transcatheter
heart valve, according to one embodiment.

FIG. 3 1s a cross-section view of the heart valve of FIG.
2 taken along line 3-3.

FIG. 4 1s a perspective view of the frame of the heart valve
of FIG. 2.

FIGS. 5A-5D 1illustrates a method for securing a fabric
skirt to the frame of a heart valve by encapsulating the skirt
and the frame.

FI1G. 6 1s a flow chart 1llustrating a method of constructing
the heart valve shown 1n FIG. 2, according to one embodi-
ment.

FIG. 7 1s a perspective view of a surgical heart valve,
according to another embodiment.

FIG. 8 shows the wireform of the valve of FIG. 7 and a
cloth covering in the process of being wrapped around the
wirelorm.

FIG. 9 1s a perspective view of a completed cloth-covered
wireform assembly of the heart valve of FIG. 7.

FIG. 10 1s a cross-sectional view of the wireform assem-
bly of FIG. 9 taken along line 10-10.

FIG. 11 1s a perspective view of a cloth-covered sewing
ring assembly of the heart valve of FIG. 7.

FIG. 12 1s a cross-sectional view ol the sewing ring
assembly of FIG. 11 taken along line 12-12.

FIG. 13 includes an exploded view and an assembled
view of the stent assembly of the heart valve of FIG. 7.

FI1G. 14 1s a cross-sectional view of the stent assembly of
FIG. 13 taken along line 14-14.

FIG. 15 1s a perspective view of the stent assembly.

FIG. 16 1s an exploded view of the valve of FIG. 7
showing the assembly of the wireform assembly, the stent
assembly and the sewing ring assembly.

FIG. 17 1s a perspective view of the heart valve of FIG.
7 shown partially 1n section.

FIG. 18 1s a perspective view of a heart valve, according
to another embodiment.

DETAILED DESCRIPTION

As used 1n this application and 1n the claims, the singular
forms “a,” “an,” and “the” include the plural forms unless
the context clearly dictates otherwise. Additionally, the term
“includes” means “comprises.” Although the operations of
exemplary embodiments of the disclosed method may be
described 1n a particular, sequential order for convenient
presentation, 1t should be understood that the disclosed

embodiments can encompass an order of operations other
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than the particular, sequential order disclosed. For example,
operations described sequentially may in some cases be
rearranged or performed concurrently. Further, descriptions
and disclosures provided 1n association with one particular
embodiment are not limited to that embodiment, and may be
applied to any embodiment disclosed herein. Moreover, for
the sake of simplicity, the attached figures may not show the
vartous ways in which the disclosed system, method, and
apparatus can be used in combination with other systems,
methods, and apparatuses.

The present disclosure concerns embodiments of implant-
able prosthetic devices, and 1n particular, implantable pros-
thetic valves, and methods for making such devices. In one
aspect, a prosthetic device includes encapsulating layers that
extend over a fabric layer and secure the fabric layer to
another component of the device. In particular embodi-
ments, the prosthetic device comprises a prosthetic heart
valve, and can be configured to be implanted 1n any of the
native heart valves. In addition, the prosthetic heart valve
can be, for example, a transcatheter heart valve, a surgical
heart valve, or a minimally-invasive heart valve. The pros-
thetic valve also can comprise other types of valves implant-
able within other body lumens outside of the heart or heart
valves that are implantable within the heart at locations other
than the native valves, such as trans-atrial or trans-ventricle
septum valves.

FIG. 2 1s an example of a transcatheter heart valve 50,
according to one embodiment. Valve 50 1n the illustrated
embodiment generally comprises a frame, or stent, 52, a
leaflet structure 34 supported by the frame, and a skirt 56
secured to the outer surface of the leatlet structure. Valve 50
typically 1s implanted 1n the annulus of the native aortic
valve but also can be adapted to be implanted 1n other native
valves of the heart or 1n various other ducts or orifices of the
body. Valve 50 has a “lower” end 80 and an “upper” end 82.
In the context of the present application, the terms “lower”
and “upper’ are used interchangeably with the terms
“intlow” and “outtlow”, respectively. Thus, for example, the
lower end 80 of the valve 1s 1ts inflow end and the upper end
82 of the valve 1s 1ts outtlow end.

Valve 50 and frame 52 are configured to be radially
collapsible to a collapsed or crimped state for introduction
into the body on a delivery catheter and radially expandable
to an expanded state for implanting the valve at a desired
location 1n the body (e.g., the native aortic valve). Frame 52
can be made of a plastically-expandable material that per-
mits crimping of the valve to a smaller profile for delivery
and expansion of the valve using an expansion device such
as the balloon of a balloon catheter. Exemplary plastically-
expandable materials that can be used to form the frame are
described below. Alternatively, valve 50 can be a so-called
self-expanding valve wherein the frame 1s made of a seli-
expanding material such as Nitinol, Ni1T1Co, NiTiCr, or
alloys or combinations thereof. A self-expanding valve can
be crimped to a smaller profile and held in the crimped state
with a restraining device such as a sheath covering the valve.
When the valve 1s positioned at or near the target site, the
restraining device 1s removed to allow the valve to seli-
expand to its expanded, functional size.

Referring also to FIG. 4 (which shows the frame alone for
purposes of illustration), frame 52 i1s an annular, stent-like
structure having a plurality of angularly spaced, vertically
extending, commissure attachment posts, or struts, 38. Posts
58 can be iterconnected via a lower row 60a of circum-
ferentially extending struts 62 and first and second rows
upper rows 60b, 60c, respectively, of circumiferentially
extending struts 64 and 66, respectively. The struts in each
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row desirably are arranged 1n a zig-zag or generally saw-
tooth like pattern extending in the direction of the circum-
ference of the frame as shown. Adjacent struts in the same
row can be interconnected to one another as shown in FIGS.
1 and 4 to form an angle A, which desirably 1s between about
90 and 110 degrees, with about 100 degrees being a specific
example. The selection of angle A between approximately
90 and 110 degrees optimizes the radial strength of frame 52
when expanded vet still permits the frame 52 to be evenly
crimped and then expanded in the manner described below.

In the illustrated embodiment, pairs of adjacent circum-
terential struts in the same row are connected to each other
by a respective, generally U-shaped crown structure, or
crown portion, 68. Crown structures 68 each include a
horizontal portion extending between and connecting the
adjacent ends of the struts such that a gap 70 1s defined
between the adjacent ends and the crown structure connects
the adjacent ends at a location oflset from the strut’s natural
point of intersection. Crown structures 68 significantly
reduce residual strains on the frame 52 at the location of
struts 62, 64, 66 during crimping and expanding of the frame
52 1n the manner described below. Each pair of struts 64
connected at a common crown structure 68 forms a cell with
an adjacent pair of struts 66 1n the row above. Each cell can
be connected to an adjacent cell at a node 72. Each node 72
can be interconnected with the lower row of struts by a
respective vertical (axial) strut 74 that 1s connected to and
extends between a respective node 72 and a location on the
lower row of struts 62 where two struts are connected at their
ends opposite crown structures 68.

In certain embodiments, lower struts 62 have a greater
thickness or diameter than upper struts 64, 66. In one
implementation, for example, lower struts 62 have a thick-
ness of about 0.42 mm and upper struts 64, 66 have a
thickness of about 0.38 mm. Because there i1s only one row
of lower struts 62 and two rows of upper struts 64, 66 1n the
illustrated configuration, enlargement of lower struts 62 with
respect to upper struts 64, 66 enhances the radial strength of
the frame at the lower area of the frame and allows for more
uniform expansion of the frame.

Suitable plastically-expandable materials that can be used
to form the frame include, without limitation, stainless steel,
cobalt, chromium, titanium, nickel, or alloys or combina-
tions thereof (e.g., a nickel-cobalt-chromium alloy). Some
embodiments can comprise a flexible biocompatible poly-
mer, such as polypropylene, polyurethanes or silicon. In
particular embodiments, frame 52 i1s made of a nickel-
cobalt-chromium-molybdenum alloy, such as MP35N™
(tradename of SPS Technologies), which 1s equivalent to

UNS R30035 (covered by ASTM F562-02). MP35NT™/UNS
R30035 comprises 35% nickel, 35% cobalt, 20% chromium,
and 10% molybdenum, by weight. It has been found that the
use of MP33N to form frame 52 provides superior structural
results over stainless steel. In particular, when MP35N 1s
used as the frame material, less material 1s needed to achieve
the same or better performance 1n radial and crush force
resistance, fatigue resistances, and corrosion resistance.
Moreover, since less matenial 1s required, the crimped profile
of the frame can be reduced, thereby providing a lower
profile valve assembly for percutancous delivery to the
treatment location in the body.

Leaflet structure 54 can comprise three leatlets 76, which
can be arranged to collapse 1n a tricuspid arrangement, as
best shown 1n FIG. 2. Lower edge 88 of leaflet structure 54
desirably has an undulating, curved scalloped shape. By
torming the leatlets with this scalloped geometry, stresses on
the leatflets are reduced, which 1n turn improves durability of
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the valve. Moreover, by virtue of the scalloped shape, folds
and ripples at the belly of each leaflet (the central region of
cach leaflet), which can cause early calcification 1n those
areas, can be eliminated or at least minimized. The scalloped
geometry also reduces the amount of tissue material used to
form leaflet structure, thereby allowing a smaller, more even
crimped profile at the inflow end of the valve. The leatlets 76
can be formed of bovine pericardial tissue, biocompatible
synthetic materials, or various other suitable natural or
synthetic materials as known in the art and described 1n U.S.
Pat. No. 6,730,118, which 1s incorporated by reference
herein.

The skirt 56 can be formed, for example, of polyethylene
terephthalate (PET) ribbon or polyester fabric (e.g., Dacron).
The thickness of the skirt can vary, but 1s desirably less than
6 mil, and desirably less than 4 mil, and even more desirably
about 2 mil. Traditionally, fabric skirts have been secured to
frames using sutures, as illustrated in FIG. 1. In contrast, in
the 1llustrated embodiment, skirt 56 desirably 1s secured to
frame 52 without sutures and instead 1s secured to frame 52
with 1mner and outer encapsulating layers 84, and 86, respec-
tively (FIG. 3). The encapsulating layers 84, 86 are fused,
bonded, or otherwise secured to each other through the
openings in the frame 52, which eflectively encapsulates the
frame 52 and the skirt 56 to secure these components in their
assembled state shown 1n FIG. 2.

The skirt 56 of the prosthetic valve can serve several
functions. In particular embodiments, for example, the skart
primarily functions to anchor the leatlet structure to the
frame. In addition, the skirt 56, in cooperation with the
encapsulating layers 84, 86, help prevent (or decrease)
perivalvular leakage.

In the 1llustrated embodiment, each of the inner and outer
layers 84, 86 extend the axial length of the frame 52 (from
the lower end 80 to the upper end 82), and therefore
completely encapsulates or substantially encapsulates the
entire frame 52 and skirt 56. In alternative embodiments, the
layers 84, 86 can be shorter than the axial length of the frame
52 and/or the skirt 56 such that the layers 84, 86 only
encapsulate selected portions of the frame and the skirt.
Although 1n the i1llustrated embodiment the layers 84, 86 are
tubular or cylindrical 1n shape, the inner and outer layers 84,
86 need not extend along the 1nner and outer surfaces of the
frame 1n the circumierential direction through 360 degrees.
In other words, the inner and outer layers 84, 86 can have a
cross-sectional profile (in a plane perpendicular to the axis
of the lumen of the valve) that 1s not a complete circle.

The encapsulating layers 84, 86 desirably are made of a
non-absorbable polymeric material (1.e., a maternial that does
not dissolve once implanted 1n the body). Examples of such
materials mclude without limitation, expanded polytetra-
fluoroethylene (ePTFE), unexpanded porous PTFE, woven
polyester or expanded PTFE yarns, PI'FE, ultrahigh molecu-
lar weight polyethylene (UHMWPE), other polyolefins,
composite materials such as ePTFE with PTFE fibers, or
UHMWPE film with embedded UHMWPE fibers, polyim-
1des, silicones, polyurethane, hydrogels, fluoroethylpolypro-
pylene (FEP), polypropyltluorinated amines (PFA), other
related fluorinated polymers, or various combinations of any
of these materials. In particular embodiments, the encapsu-
lating layers 84, 86 are formed from respective tubes made
of a suitable polymeric material (e.g., ePTFE tubes or
UHMWPE tubes) that are bonded to each other when
subjected to heat treatment, as described 1n detail below.

Microporous expanded polytetrafluoroethylene (ePTFE)
tubes can be made by of a number of well-known methods.
Expanded PTFE 1s frequently produced by admixing par-
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ticulate dry polytetrafluoroethylene resin with a liquid lubri-
cant to form a viscous slurry. The mixture can be poured nto
a mold, typically a cylindrical mold, and compressed to form
a cylindrical billet. The billet can then be ram extruded
through an extrusion die mto either tubular or sheet struc-

tures, termed extrudates in the art. The extrudates comprise
an extruded PTFE 5,7

H-lubricant mixture called “wet PTFE.
Wet PTFE has a microstructure of coalesced, coherent PTFE
resin particles 1n a highly crystalline state. Following extru-
s1on, the wet PTFE can be heated to a temperature below the
flash point of the lubricant to volatilize a major fraction of
the lubricant from the PTFE extrudate. The resulting PTFE
extrudate without a major fraction of lubricant 1s known 1n
the art as dried PTFE. The drnied PIFE can then be either
uniaxially, biaxially or radially expanded using appropriate
mechanical apparatus known 1n the art. Expansion 1s typi-
cally carried out at an elevated temperature, e.g., above
room temperature but below 327 degrees C., the crystalline
melt point of PTFE. Umaxial, biaxial or radial expansion of
the dried PTFE causes the coalesced, coherent PTFE resin to
form {ibrils emanating from nodes (regions of coalesced
PTFE), with the fibrils oriented parallel to the axis of
expansion. Once expanded, the dried PTFE 1s referred to as
expanded PTFE (“ePTFE”) or microporous PTFE.

UHMWPE 1s made up of very long chains of polyethyl-
ene, with molecular weight numbering 1n the millions,
usually between 2 and 6 million. It 1s highly resistant to
corrosive chemicals, has extremely low moisture absorption
and a very low coeflicient of iriction. It 1s self-lubricating
and highly resistant to abrasion. UHMWPE 1s processed
using compression molding, ram extrusion, gel spinning,
and sintering. UHMWPE 1s available commercially as a
powder, 1n sheets or rods, and as fibers.

Referring now to FIGS. 5A-5D and 6, an exemplary
method for forming the valve 50 will now be described.
Although the use of ePTFE 1s described below, 1t 1s merely
exemplary in nature and 1s not intended as a limitation. It 1s
to be understood that other materials such as UHMWPE,
composite materials, or any other non-absorbable polymeric
material described above can be used.

First, as depicted in FIG. SA, an inner layer 84 comprising,
an ePTFE tube can be placed on a mandrel 100. Second, as
depicted 1n FIG. 5B, a frame 52 can be placed over the inner
layer 84. Third, as depicted in FIG. 5C, the skirt 56 can be
placed over the frame 52. The skirt 56 can be 1n the form of
a sheet of matenial that 1s tightly wrapped around the outer
surface of the frame. Layers of PTFE tape 90 can be
wrapped around the opposite ends of the skirt and the frame
to temporarily secure the location and placement of the skirt
on the frame. Fourth, as depicted in FIG. 5D, an outer layer
86 comprising an ePTFE tube can be placed over the skart
56. After the outer layer 1s 1n position, the temporary tape
layers 90 can be removed. The tape layers 90 help maintain
the location of the skirt relative to the frame and the location
of the skirt and the frame relative to the mandrel as the outer
layer 86 1s slid over the mandrel and over the skirt and the
frame. As further shown 1n FIG. 5D, further layers of PTFE
tape 92 can now be wrapped around the ends of the outer
layer 86 to help secure the position of the outer layer to the
underlying layers of the assembly and to the mandrel during
subsequent processing.

An alternative way to encapsulate the frame with polymer
1s by using the electrospinning technique. Electrospinning
uses an electrical charge to draw very fine (typically on the
micro or nano scale) fibers from a liquid.

The assembly shown in FIG. 3D can now undergo an
encapsulation process whereby the assembly 1s subjected to

10

15

20

25

30

35

40

45

50

55

60

65

8

heat and/or pressure to cause the inner and outer layers to
bond to each other through the openings 1n the frame 52 and
at the ends of the tubular layers that extend beyond the
opposite ends of the frame 52 to encapsulate the frame and
the skirt between the inner and outer layers. During this step,
the entire outer surface of the assembly on the mandrel can
be tightly wrapped with a suitable material (e.g., PTFE tape)
to apply pressure to the various layers of the assembly. The
entire assembly, including the mandrel, can be transterred to
an oven where the iner and outer layers 84, 86 are sintered
by being heated to a predetermined temperature. In one
implementation, for example, the inner and outer layers are
sintered by being heated to a temperature above 327 degrees
C., the crystalline melt point of PTFE.

During the sintering process the ePTFE 1s restrained
against uniaxial, biaxial or radial contraction. Sintering
causes at least a portion of the crystalline PTFE to change
from a crystalline state to an amorphous state. The conver-
sion from a highly crystalline structure to one having an
increased amorphous content locks the node and {fibril
microstructure, as well as 1ts orientation relative to the axis
of expansion, and provides a dimensionally stable tubular or
sheet material upon cooling.

After the sintering process, the assembly 1s removed from
the oven and allowed to cool. The material wrapped around
the assembly, as well as tape layers 92, can now be removed.
The portions of the inner and outer layers 84, 86 that extend
beyond the opposite ends of the stent 52 can be trimmed so
that the 1inner and outer layers 84, 86 are the same length or
substantially the same length as the frame 52. In this manner,
the frame 52 can be completely covered or substantially
covered by layers 84, 86. If desired, selected portions of the
inner and outer layers 84, 86 can be removed to facilitate
crimping of the valve for delivery into a patient. Suitable
techniques and mechanisms can be used to selectively
remove portions of layers 84, 86, such as laser cutting. For
example, portions of the mner and outer layers 84, 86 that
cover the openings 1n the frame 52 can be cut or otherwise
removed to minimize the amount of material in the valve,
which can facilitate crimping of the valve to a relatively
small diameter. In particular embodiments, the portions of
layers 84, 86 extending from the upper edge of the skirt 56
to the upper edge of the frame can be completely removed
to expose the struts of the frame that extend above the upper
edge of the skart.

In an alternative embodiment, the skirt 56 can be pre-
formed 1n a tubular or cylindrical configuration. In this
embodiment, the skirt can be positioned on the frame 52 by
first partially crimping the frame to a diameter smaller than
the diameter of the skirt. The skirt 1s then placed over the
partially crimped frame and then the frame 1s expanded back
to 1ts functional size. The skirt desirably 1s sized such that
the expanded frame applies at least some outward radial
pressure against the skirt to assist in retaining the skirt on the
frame. The frame and skirt assembly can then be loaded onto
inner layer 84 (already on the mandrel), and encapsulated
following the process described above. In another embodi-
ment, the skirt 56 can be placed on the nside of the frame
52. For example, the skirt 56 can be in the form of a sheet
of material that 1s wrapped around 1nner layer 84 prior to
placing the frame on the mandrel, or 1t can have a tubular

configuration that 1s slid onto 1nner layer 84 prior to placing
the frame on the mandrel.

[ eaflet structure 54 can be attached to the skirt 56 and/or

the frame 52 using sutures or other suitable techniques or
mechanisms. In the 1llustrated embodiment shown in FIG. 2,

for example, each leatlet 76 has a tab 102 that 1s sutured to
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an adjacent tab of another leaflet to form a commissure of
the leaflet structure. Each commissure can be secured to a
commissure post 58 of the frame 52, such as with sutures
106 that extend through the leatflet tabs 102 and apertures 1n
the commissure posts 38 of the frame. The lower, or intlow,
end portion of the leaflets 76 can be sutured directly to the
skirt 56 along a suture line 108 that tracks the curvature of
the scalloped lower edge 88 of the leatlet structure. Any
suitable suture, such as an Ethibond suture, can be used to
secure the leaflets to the skirt along suture line 108.

In certain embodiments, the lower edges of the leatlets
can be secured to the skirt 56 via a thin PET reinforcing strip
(not shown), as disclosed 1n U.S. Pat. No. 7,993,394, which
1s incorporated herein by reference. As described in U.S. Pat.
No. 7,993,394, the reinforcing strip can be sutured to the
lower edges of the leaflets. The reinforcing strip and the
lower edges of the leaflets can then be sutured to the skirt 5
along suture line 108. The remnforcing strip desirably 1is
secured to the mner surfaces of the leatlets 76 such that the
lower edges of the leaflets become sandwiched between the
reinforcing strip and the skirt 56 when the leatlets and the
reinforcing strip are secured to the skirt. The reinforcing
strip enables a secure suturing and protects the pericardial
tissue of the leatlet structure from tears.

As noted above, the conventional method for securing a
skirt to a frame involves manually suturing the skirt to the
frame. In contrast, the i1llustrated embodiment relies on the
inner and outer layers 84, 86 to secure the skirt 56 1n place
relative to the frame. As can be appreciated, this technique
for securing the skirt to the frame can significantly reduce
the amount of labor required to assemble a valve. The use of
layers 84, 86 provides other advantages as well. For
example, the outer layer 86, when formed from ePTFE or
UHMWPE, has a porous microstructure that facilitates tis-
sue 1n-growth from surrounding tissue after the valve 1s
implanted.

In addition, inner and outer layers 84, 86 can protect the
leaflets 76 during crimping and facilitate even and predict-
able crimping of the valve. When a prosthetic valve 1s placed
in a crimping apparatus to radial compress the valve to a
smaller diameter for insertion into a patient, the leaflets of
the valve are pressed against the inner surface of the metal
frame and portions of the tissue can protrude into the open
cells of the frame between the struts and can be pinched due
to the scissor-like motion of the struts of the frame. If the
valve 1s severely crimped to achieve a small crimping size,
this scissor-like motion can result 1n cuts and rupture of the
tissue leaflets. To protect the leaflets during crimping, 1t 1s
known to place a deformable material around the valve to
prevent direct contact between the hard surface of the jaws
of the crimping apparatus and the valve. The deformable
material can protrude 1nto the open cells, thereby preventing,
the leaflets from entering this space and being pinched by
metal struts of the frame. Layers 84, 86 function 1n a manner
similar to this deformable material to protect leatlets from
being pinched during crimping. As such, the disclosed valve
50 can be placed 1n a crimping apparatus without an addi-
tional protective layer of matenal surrounding the valve.
Due to the presence of layers 84, 86, the valve 50 can be
crimped onto the balloon of a balloon catheter 1n an even and
predictable manner that forms a very ordered structure of
balloon-leatlets-frame (from inward to outward). Addition-
ally, inner layer 84 can prevent direct contact between the
leaflets 76 and the frame during working cycles of the valve
(1.e., as the valve leatflets open and close 1n response to blood
pressure) to protect the leatlets against damage caused by
contact with the frame.
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Moreover, as noted above, the skirt 56 can be a fabric,
such as a PET cloth. PET or other fabrics are substantially
non-elastic (1.e., substantially non-stretchable and non-com-
pressible). As such, 1n known prosthetic valves, the skirt can
wrinkle after expansion from the crimped diameter. In the
illustrated embodiment, the skirt 56 can be tightly com-
pressed against the frame by layers 84, 86 such that when the
valve 1s expanded to 1its functional size from the crimped
state, the skirt can recover to i1ts original, smooth surfaces
with little or no wrinkling.

The encapsulation process described above 1n the context
of securing a skirt to the frame of an expandable transcath-
eter heart valve. The skirt typically 1s more durable than the
c¢PTFE layers and therefore the skirt reinforces the ePTFE
layers where they undergo stresses from cyclic loading of
the valve. However, 1in alternative embodiments, the valve
can be formed without the skirt 56 to permit crimping of the
valve to a smaller delivery diameter. In such embodiments,

the ePTFE layers 84, 86 serve as the primary sealing
mechanism that prevents paravalvular leakage through the
frame of the valve. In other embodiments, the skirt 56 can
be used to reinforce only selected portions of the layers 84,
86, such as those portions of layers 84, 86 subject to greatest
loading, while the remaining portions of layers 84, 86 do not
contain a fabric layer or skirt.

It should be noted that the encapsulation process can be
utilized to secure a fabric or woven textile element to other
components of a prosthetic valve. For example, surgical
valves (valves which are typically implanted via open-heart
surgery) include several components that are covered with a
cloth or fabric maternial. Known surgical valves typically
have a sewing ring and one or more stent components, each
of which are covered with a cloth member. The cloth
member typically 1s wrapped around the valve component
and the longitudinal edges of the cloth member are manually
stitched to each other to secure the cloth member around the
valve component. As can be appreciated, this 1s a tedious and
time-consuming process.

Accordingly, another embodiment of the present disclo-
sure utilizes the encapsulation process described herein to
secure cloth members around components of a surgical
valve to reduce the amount of the manual labor required to
assemble the valve. FIG. 7 shows a surgical valve 200,
according to one embodiment, that includes multiple com-
ponents that are formed by the encapsulation process. The
valve 200 generally includes a wireform assembly 202 (as
best shown 1 FIGS. 8-10), a sewing ring assembly 204 (as
best shown 1n FIGS. 11-12), a stent assembly 206 (as best
shown in FIGS. 13-15), and a valvular structure 208 (as best
shown 1n FIG. 7). The valvular structure 208 can comprises
three leatlets 210 arranged 1n a tricuspid arrangement as
known 1n the art.

Retferring to FIGS. 8-10, the wireform assembly 202
comprises a wireform 212, a cloth cover 214 and encapsu-
lating layers 216, 218. As used herein, the term “wireform”™
refers generally to a portion of a prosthetic heart valve that
provides support for the leatlets of the valve. The wireform
typically 1s formed from one or more pieces of wire but also
can be formed from other similarly-shaped elongate mem-
bers. The wireform can also be cut or otherwise formed from
tubing or a sheet of material. The wireform can have any of
various cross sectional shapes, such as a square, rectangular,
or circle (as shown 1n FIG. 10), or combinations thereof. In
particular embodiments, the wireform 212 i1s made of a
relatively rigid metal, such as stainless steel or FElgiloy (a

Co—Cr—Ni alloy).
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FIG. 8 shows the wireform 212 partially covered by the
cloth cover 214. The cloth cover can be formed of any
biocompatible fabric, such as, for example, polyethylene
terephthalate. The cloth cover 214 comprises an elongated
strip of material having opposing ends that are brought
together to form a butt joint 1n the manner shown in FIG. 8.
The opposing longitudinal edges 220, 222 of the cloth cover
are then wrapped around the wireform 212. It 1s known to
stitch together the longitudinal edges of the cloth covering
along its entire length, which i1s time-consuming process.
Instead, 1n the illustrated embodiment, the cloth cover i1s
secured around the wireform 212 by the encapsulating layers
216, 218.

The encapsulating layers can be formed in a process
similar to that described above for securing encapsulating
layers 84, 86 around frame 52 and skirt 56. In one specific
approach, for example, a first ePTFE tube, which forms
layer 216, can be placed on a mandrel. The first ePTFE tube
can have a diameter that 1s slightly smaller than the diameter
of the wireform 212 and an axial length that 1s slightly
greater than the axial length of the wireform 212. The cloth
covered wireform can then be placed over the first ePTFE
tube. A second ePTFE tube, which forms layer 218 is then
placed over the cloth covered wireform. The second ePTFE
tube can have a diameter and axial length that are slightly
greater than that of the wireform 212. To help retain the cloth
cover 214 wrapped around the wireform 212 during the
previous steps, the longitudinal edges 220, 222 can be
stitched together at a few selected locations along the length
of the cloth cover. The entire assembly can then be wrapped
with a suitable material and then placed 1n an oven to sinter
the ePTFE tubes. After sintering, the wrapping material 1s
removed. The first and second ePTFE tubes can have a
length that 1s slightly greater than the axial length of the
wirclorm. In this manner, the entire assembly forms a
tubular body completely encapsulating the wireform. Excess
cPTFE maternial can be cut away to form layers 216, 218 that
together form a covering that closely conforms to the shape
of the wireform 212, as depicted 1n FIG. 10.

Referring to FIGS. 11 and 12, the sewing ring assembly
204 comprises a sewing ring insert 226, a cloth cover 228,
and encapsulating layers 230, 232. The sewing ring insert
226 can have a conventional construction and can be made
ol a suture permeable material for suturing the valve to a
native annulus, as known 1n the art. For example, the sewing
ring insert 226 can be made of a silicone-based material,
although other suture-permeable materials can be used. The
cloth cover 228 can be formed of any biocompatible fabric,
such as, for example, polyethylene terephthalate. As with the
wirelorm assembly, it 1s known to stitch together the edges
of the cloth covering of the sewing ring along its length,
which 1s a time-consuming process. Instead, i the illus-
trated embodiment, the cloth covering 228 can be secured
around the sewing ring insert by the encapsulating layers
230, 232.

The encapsulating layers can be formed in a process
similar to that described above for securing encapsulating
layers 84, 86 around frame 52 and skirt 56. In one specific
approach, for example, a first ePTFE tube, which forms
layer 230, can be placed on a mandrel. The first ePTFE tube
can have a diameter that 1s slightly smaller than the diameter
of the sewing ring insert 226 and an axial length that 1s
slightly greater than the axial length of the sewing ring
insert. The cloth covered sewing ring insert can then be
placed over the first ePTFE tube. The mandrel can have a
tapered or substantially comical surface portion that 1s
shaped to support the sewing insert. A second ePTFE tube,

10

15

20

25

30

35

40

45

50

55

60

65

12

which forms layer 232 i1s then placed over the cloth covered
sewing ring insert. The second ePTFE tube can have a
diameter and axial length that are slightly greater than that
of the sewing ring insert. To help retain the cloth cover 228
wrapped around the sewing ring insert during the previous
steps, the longitudinal edges 234, 236 can be stitched
together at a few selected locations along the length of the
cloth cover. The entire assembly can then be wrapped with
a suitable material and then placed in an oven to sinter the
cPTFE tubes. After sintering, the wrapping material 1s
removed. The first and second ePTFE tubes can have a
length that 1s slightly greater than the axial length of the
sewing ring assembly. In this manner, the entire assembly
forms an annular body completely encapsulating the sewing
ring and cloth cover. Excess ePTFE matenal can be cut away
to form layers 230, 232 that together form a covering that
closely conforms to the shape of the sewing ring insert, as
depicted 1n FIG. 12.

Referring to FIGS. 13 and 14, the stent, or band, assembly
206 can comprise an mner support 240 and an outer band
242 disposed around the inner support 240. The inner
support 240 can comprise cusp portions 244 extending
between upstanding commissure portions 246. The outer
band 242 can be shaped to conform to the curvature of the
cusp portions of the inner support. The inner support 240
desirably 1s made of a polymeric material, such as polyester,
although materials, including metals and other polymeric
materials can be used. The outer band desirably 1s made of
a relatively rigid metal, such as Elgiloy (a Co—Cr—Ni
alloy) or stainless steel. As best shown 1n FIG. 14, a cloth
cover 248 1n the illustrated embodiment completely covers
the inner support 240 and the outer band 242. Encapsulating
layers 250, 252 encapsulate the cloth cover 248. As with the
wireform assembly, i1t 1s known to stitch together the edges
of the cloth covering of the stent assembly along 1ts length,
which 1s a time-consuming process. Instead, i the illus-
trated embodiment, the cloth covering 248 can be secured
around the 1nner support and outer band by the encapsulat-
ing layers 250, 252.

The encapsulating layers can be formed in a process
similar to that described above for securing encapsulating
layers 84, 86 around frame 52 and skirt 56. In one specific
approach, for example, a first ePTFE tube, which forms
layer 250, can be placed on a mandrel. The first ePTFE tube
can have a diameter that 1s slightly smaller than the diameter
of the mner support 240 and an axial length that 1s slightly
greater than the axial length of the inner support 240. The
cloth covered stent assembly (1.e., the iner support 240,
outer band 242, and cloth cover 248) can then be placed over
the first ePTFE tube. A second ePTFFE tube, which forms
layer 252 1s then placed over the cloth covered wireform.
The second ePTFE tube can have a diameter and axial length
that are slightly greater than that of the inner support 240. To
help retain the cloth cover 248 wrapped around the inner
support 240 and the outer band 242 during the previous
steps, the longitudinal edges 254, 256 can be stitched
together at a few selected locations along the length of the
cloth cover. The entire assembly can then be wrapped with
a suitable material and then placed in an oven to sinter the
cPTFE tubes. After sintering, the wrapping material 1s
removed. The first and second ePTFE tubes can have a
length that 1s slightly greater than the axial length of the
wircform. In this manner, the entire assembly forms a
tubular body completely encapsulating the wireform. Excess
cPTFE matenal can be cut away to form layers 250, 2352 that
together form a covering that closely contforms to the shape

of the cloth covered stent assembly.
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Once the wireform assembly 202, sewing ring assembly
204, and stent assembly 206 are formed, these components
can be assembled together with leaflets 210 to form the
assembled valve. These components can be assembled 1n a
conventional manner. As shown 1n FIG. 16, for example,
three leaflets 210 can be positioned with the wireform
assembly 202. Each leaflet 210 can include two tabs 260
positioned on opposing ends of the leatlet. Each respective
tab 260 can be aligned with a tab 260 of an adjacent leaflet
as shown. The lower edge of each leaflet extending between
the tabs 260 can be sutured to the cloth covering 214 of the
wirelform assembly 202. Each pair of aligned tabs 260 can
be inserted between adjacent upright extensions 264 of the
wireform assembly 202. The tabs 260 can then be wrapped
around a respective commissure support 266 of the stent
assembly 206 (as best shown 1n FIG. 17). The tabs 260 can
be sutured or otherwise coupled to each other and/or to the
commissure post 266.

The wireform assembly 202 can be then be secured to an
upper 1inner portion of the stent assembly 206 and the sewing
ring assembly 204 can be secured to a lower outer portion of
the stent assembly 206. The stent assembly 204 can matingly
engage a corresponding contour of the wireform assembly.
Thus, the commissure posts 266 and the cusp portions
extending between the commissure posts can be sized and
shaped so as to correspond to the curvature of the wireform
assembly. The wireform assembly 202 can be secured to the
stent assembly 206 via sutures extending through the cloth
covering of the wireform assembly and the apertures in the
iner support 240 and outer band 242 (FI1G. 13) of the stent
assembly. The sewing ring assembly 204 can be secured to
the stent assembly via sutures extending through the sewing
ring assembly and the apertures 1n the mner support 240 and
outer band 242 (FIG. 13) of the stent assembly. Cloth covers
262 (FIG. 16) can be positioned over the exposed portions
of the tabs 260 of the leatlets, and secured in place with
sutures. The covers 262 can be formed from any biocom-
patible fabric or polymer.

FIG. 18 shows an embodiment of a heart valve 300,
according to another embodiment. The heart valve can be
implanted in the heart (e.g., in the aortic annulus, as shown
in FIG. 18) using conventional surgical techniques or a
mimmally-invasive technique. The heart valve 300 includes
a valve component 302 and an expandable frame component
304. The valve component 302 can be a conventional
surgical valve having a sewing ring 306. The frame com-
ponent 304 can be secured to the sewing ring using any of
various connection techniques, such as suturing. In this
embodiment, the frame component 304 can be deployed
within a native heart valve annulus similar to a conventional
transcatheter valve and therefore serves as an anchor for the
valve component. Similar valves comprised of a surgical
valve combined with an expandable frame and methods for
implanting such valves are disclosed in U.S. Pat. No.
8,308,798 and U.S. Patent Publication No. 2012/0065729,
which are icorporated herein by reference.

The valve 300 desirably comprises inner and outer layers
308 covering the inside and outside of the metal frame
component 304. The layers 308 can be formed from tubular
¢PTFE layers utilizing the techniques described above for
securing encapsulating layers 84, 86 around frame 52.
However, the valve 300 1n the 1llustrated embodiment does
not include a separate cloth layer covering the frame com-
ponent 304, which 1n some applications may be needed to
reinforce the ePTFE layers where they undergo significant
stress from cyclic loading of the valve. As shown in FIG. 18,
the frame component 304 functions primarily to anchor the
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valve within the native annulus. The ePTFE layers on the
frame component facilitate ingrowth of tissue and provide
pertvalvular sealing below the sewing ring 306. Once
implanted, most of the stress caused by cyclic loading of the
valve 1s born by the valve component 302 and little, i1 any,
cyclic loading 1s experienced by the frame component 304.
As such, the ePTFE layers 308 can provide adequate peri-
valvular sealing without a separate fabric layer reinforcing
the ePTFE layers.

In alternative embodiments, the valve 300 can include a
tabric layer (not shown) covering the inside and/or outside
of the frame component 304. The fabric layer can be secured
to the frame component 304 using the ePTFE layers as
described herein.

In view of the many possible embodiments to which the
principles of the disclosed invention may be applied, 1t
should be recognized that the illustrated embodiments are
only preferred examples of the invention and should not be
taken as limiting the scope of the imnvention. Rather, the
scope of the mnvention 1s defined by the following claims. We
therefore claim as our invention all that comes within the
scope and spirit of these claims.

We claim:
1. A method for making an implantable prosthetic heart
valve, comprising;:
forming a subassembly of the prosthetic heart valve
comprising a radially collapsible and expandable tubu-
lar frame, the frame having an inlet end and outlet end,
the frame comprising a plurality of connected struts
defining cells and openings therebetween, and an annu-
lar fabric skirt positioned adjacent the frame;
forming a first tubular covering member on a mandrel by
a process ol electrospinning;

placing the subassembly over the first tubular covering
member on the mandrel so that the first tubular cover-
ing member at least partly extends within the subas-
sembly;

forming a second tubular covering member over the

subassembly on the first tubular covering member on
the mandrel by a process of electrospinning so that the
second tubular covering member at least partly covers
the subassembly and 1s coextensive with the first tubu-
lar covering member;

applying pressure to force the second tubular covering

member and the first tubular covering member 1nto
contact with each other;

heating the first and second tubular covering members so

that they fuse together to form a monolithic covering
that at least partially encapsulates the subassembly and
thereby secures the fabric skirt to the annular frame;
and

suturing valvular leatlets to the monolithic covering and

the subassembly, the leaflets being configured to permat
blood flow 1n a first direction through the heart valve
and block blood flow through the heart valve in a
second direction, opposite the first direction.

2. The method of claim 1, wherein the first and second
tubular covering members are non-absorbable and have a
porous microstructure that promotes imgrowth of surround-
ing tissue to assist in securing the prosthetic heart valve 1n
a body lumen.

3. The method of claim 2, wherein the first and second
tubular covering members comprise ePTFE or UHMWPE.

4. The method of claam 1, wherein the fabric skirt is
completely encapsulated by the covering formed by the first
and second tubular covering members.
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5. The method of claim 1, wherein the fabric skirt 1s
disposed on the outside of the frame.

6. The method of claim 1, wherein the fabric skirt is
disposed on the inside of the frame.

7. The method of claim 6, wherein the fabric skirt 1s also
disposed on the outside of the frame.

8. The method of claim 1, further including removing
material from the monolithic covering at locations that

correspond to openings 1n the frame that are not covered by
the fabric skirt.

9. The method of claim 8, wherein the step of removing
material 1s done by laser cutting the material.

10. The method of claim 1, wherein an inflow end of the
tabric skirt 1s aligned with an intflow end of the frame and a
portion of the frame between an outflow end of the skirt and
an outtlow end of the frame 1s not covered by the mner and
outer tubular covering members.

11. The method of claim 1, wherein the radially collaps-
ible and expandable tubular frame 1s formed of a material
that 1s plastically expandable.

12. The method of claim 11, wherein the annular fabric
skirt 1s positioned around the frame, and the skirt 1s posi-
tioned on the frame by first partially crimping the frame to
a diameter smaller than a diameter of the skirt, and then the
skirt 1s placed over the partially crimped frame and the frame
1s expanded back to 1ts functional size which applies at least
some outward radial pressure against the skirt to assist 1n
retaiming the skirt on the frame.

13. The method of claim 1, wherein the radially collaps-
ible and expandable tubular frame 1s formed of a material
that 1s self-expandable.
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14. The method of claim 1, wherein the step of suturing
valvular leaflets to the monolithic covering includes secur-
ing a reinforcing strip to inner surfaces of lower edges of
cach of the leaflets, sandwiching the lower edges between
the reinforcing strips and the skirt and suturing the lower
edges of the leatflets to the skart.

15. The method of claim 1, wherein the annular fabric
skirt 1s positioned around the frame, and further including,
after the step of placing the subassembly over the first
covering member on the mandrel, wrapping layers of P1FE
tape around opposite ends of the skirt and the frame to
temporarily secure the location and placement of the skirt on
the frame.

16. The method of claim 1, wherein the step of applying
pressure to force the second tubular covering member and
the first tubular covering member into contact with each
other comprises tightly wrapping a P1FE tape around the
entire outer surface of the assembly on the mandrel to apply
pressure to the assembly.

17. The method of claim 1, wherein the skirt 1s a PET

cloth and the first and second tubular covering members
comprise ePTFE.

18. The method of claim 17, wherein the leaflets are made
of bovine pericardium.

19. The method of claim 18, wherein the frame 1s formed
of Nitinol.

20. The method of claim 18, wherein the frame 1s formed
ol a nickel-cobalt-chromium-molybdenum alloy.
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